Utilization ol ferrioxamirie F (FE) as a sole source of iron distinguishes Salmonella from a number of related species. including Escherichia co/i. FE is not able to serve as source of iron for E. co/i or the Proteus-Pr, vuleocia-Morç'a, tel/a group. This confers a selective advantage on Salmonella Enteritidis in egg white supplemented with FE. The optimum concentration of FE that promoted a selective advantage for Salmonella in egg white was determined. Four supplementation concentrations were evaluated (25. 50. 200, and 500 .rg/ml) in egg white artificiall y inoculated with proportionally mixed cultures of a rifampin-resistant strain of Salmonella Enteritidis (0
improve the selective detection for Salmonella Enteritidis among other competitive organisms.
Salmonella Enteritidis (SE) has been implicated as a major cause of foodhorne human salmonellosis worldwide, particularly in raw or undercooked eggs and egg products. Grade A shell eggs have been attributed to SE-related illness because SE can colonize the intestinal and reproductive tracts of laying flocks and he deposited into the developing egg, resulting in the contamination of egg contents. The primary site of contamination in eggs is either in the albumen or outside the vitelline membrane, although the egg yolk may also he a potential site for contamination (11, 16) . SE cells are typically present in low concentrations and only sporadically in individual eggs. The frequency of infected eggs is extremely low, about 1 in 20,000 eggs (5) . Thus, direct plating is unlikely to detect low numbers of SE in contaminated eggs.
Additionally, SE growth in egg white is inhibited because of the antimicrobial and iron-restricting compounds present. Egg proteins, such as lysozyrne and ovotransferrin (conalbumin), could inhibit the growth of SE in egg white. Ovotransferrin, a member of the transfelTin class of proteins, has a high affinity for iron, with a binding constant of approximately 1023, and reduces the levels of free iron within eggs to a point (at approximately 10-18 M) that the growth of microorganisms is not supported (9) . Therefore, the ovotransfelTin in albumen acts as a growth inhibitor of gram-negative bacteria, chelating the iron needed for SE multiplication in eggs (1, 4, 13, 17 The low contamination rate and the antimicrobial effect of egg albumen have contributed to the difficulty in detecting SE in raw eggs. However, iron supplementation can improve the recovery of microorganisms because iron serves as a catalyst for electron transport and is an essential component of several important enzymes (2, 7, 9) .
Numerous studies have shown that iron supplementation of egg contents can overcome the antimicrobial properties of ovotransferrin and enhance the growth and detection of SE (1, 4, 8, 15) . Iron iii the form of ferrous sulfate promotes the growth of gram-negative bacteria in eggs, and supplementation at levels of 35 mg/liter in nonselective broth effectively promotes Salmonella isolation in raw eggs (4) . The addition of ferrous sulfate to saturate ovotransferrin can significantly enhance the growth of SE. However, such it-on salts also Support the growth of competitive bacteria. On the other hand. ferrioxamines serve as effective growth factors for the common Salmonella enierica-hut not for many closely related bacteria-and thus have been used as supplements in standard enrichment and selection procedures to increase the speed and sensitivity of detection in food products (10) . The natural siderophores, ferrioxamine E (FE) and ferrioxamine G, act as selective growth factors to significantly improve the recovery of SE (15) . FE is produced hiotechnologically and acts in supplying Salmonella with useable iron (14) . FE supplies iron to Salmonella by a special uptake and utilization system in the cell, not by the saturation of ovotransferrin. Thus, it is unable to promote the growth of Escherichia to/i or the Progroup (9).
Although there have been extensive studies on the use of FE for enrichment cultures and ferrous sulfate supplementation in egg, there has, to our knowledge, been no previous research on the selectiveness of FE for SE in egg white or on the optimization of FE concentration. This study was carried out to determine the optimal levels of FE supplementation in egg white required to improve SE detection in egg contents and the selective effectiveness of FE oil growth of SE.
MATERIALS AND METHODS
Preparation of SE and E. coil K-12 cultures. A mutant strain of SE phage type I 3a (SERR), resistant to 0.1 tug of ritampin per ml (Sigma Chemical Co.. St. Louis. Mo.). was isolated and used as a marker orizanism (16). A loopful of SERR was transferred from a tryptic soy agar (Ditco. Becton Dickinson, Sparks. Md.) plate containing 0.1 mg of ritampin per ml to tryptic soy broth (TSB: Difco. Becton Dickinson) containing 0.1 mg of rifampin per ml and incubated for 24 h at 37°C. The E. co/i K-12 strain was transferred to a nutrient agar plate from the stock culture and incubated for 24 Ii at 37°C. A single colony was transferred to TSB and incubated overnight. The overnight cultures were diluted in phosphate-buffered saline (PBS. pH 7.2) to yield concentrations ranging from 10 1 to 10' CELT/mI as necessary. and numbers Of cells were confirmed at the lime of inoculation by plating oil count agai'. Cultures were incubated at 37°C. and numbers of cells in the cultui'es were counted after 24 h. Egg preparation. Large commercial white eggs were obtained froin a local grocery stole in College Park, Md. Eggs with cracked or chipped shells were discarded, and the remaining eggs were stored at SC until use in experiments. For each experiment, one case of eggs (30 dozen eggs) that was seemingly front same production lot was purchased and used within 2 weeks. Prior to each trial, the eggs were surface disinfected by soaking in 7OYc ethanol for 30 s and allowed to air dry. The eggs were then aseptically broken, and egg whites were separated into sterile plastic stomacher bags (Tekmar Co. Cincinnati. Ohio). The egg white pools (500 ml per bag) were homogenized by stomaching with a Seward Stomacher 400 Circulator (Seward Laboratory. London. UK) at normal speed (230 rpm) for 30 s.
Preparation of FE stock solution. Desferrioxamine E. kindly provided b y Dr. R. Reisshrodt (Koch Institute, Wernigerode. Germany, was used to make FE. Five hundred milligrams of desferrioxamine F was dissolved in IOU ml of bidistilled water containing 226 mg of FeCl 3 6H'O (Sigma). The mixture was shaken and then stored at room temperature overnight in the dark. The solution that yielded S mg of FE per ml was filter sterilized before use.
FE optimization for SE. Six supplementation levels were evaluated in quadruplicate trials, with final FE concentrations of 20. St), 100, 200. 500. and 1.000 p.g/ml in egg white. For each trial. 9 ml of homogenized egg white contents was pipetted into sterile 15-nil plastic conical tubes and inoculated with 0.1 ml of 102 CFU of SERR per ml along with 1 ml of FE. To make samples of 1,000 .Lo/ml of FE in egg white. 5 ml of homogenized egg white and 5in] of FE were used with the same procedure. The samples were thoroughly vortexed and incubated at 37°C for 24 h. The numbers of SE in the incubated egg white samples were obtained by the enumeration method described below.
Growth curve of SE and E. coil. The growth of SE and E. co/i in egg white over time was monitored at two FE. supplementation levels. Nine milliliters of homogenized egg white contents in I 5-mi plastic conical tubes was inoculated with 0.1 nil of SERR or E. co/i (102 CFU/ml), supplemented with FE to give a final concentration of either 50 or 500 ft ghril. and then incubated at 37°C. Samples were taken at 0. 16. 20. and 24 h and enumerated as explained below.
FE optimization in a competitive environment. Four supplementation levels were evaluated in quadruplicate trials, with final FE concentrations of 500. 200. 50. and 25 ftghril in egg white. In each trial. 9 nil of homogenized egg white contents was pipetted into 52 sterile conical tubes. .Samples were divided into three groups of 16 for supplemented samples, unsupplemented samples, and an E. co/i-only group. along with eight control samples at 10 and 102 CFU of SE per ml and Li co/i inocula with and without FE supplementation. SERR was prepared 10 give a concentration of 102 CFU/ml. and E. co/i K-12 was serially diluted to obtain concentrations from 10 to 101 CFU/ml. The supplemented and unsupplemented groups were inoculated with 0.1 nil of SERR and 0.1 ml of each E. co/i K-12 concentration. For each of the samples in the supplemented group. I ml of FE was added to the tube and vortexed for 30 s. whereas the unsupplemented samples received 1 ml of filter-sterilized PBS before 'ortexing. The E. co/i-onl y group was inoculated with each of the specified concentrations along with FE supplementation. The sanipIes were incubated overnight at 37°C. The numbers of SE and E. co/i in the FE-suppiemenled egg white samples were obtained by the enumeration procedure described below.
Enumeration of SE and E. coli. Egg samples were thoroughly vortexed and serially diluted 10-fold by taking 1 ml of each sample and adding it to 9 ml of PBS, with subsequent brie!', vigorous vortexing. For SE enumeration, the dilutions were spread plated on brilliant green agar (Di!'co. Becton Dickinson) supplemented with rifanipin and incubated for 24 h at 37°C. SE colonies were counted and confirmed with biochemical and serological tests. A select number of presumptive colonies were picked and inoculated into triple sugar iron agar and lysine non agar slants and incubated for 24 Ii at 37°C. Isolates from the triple sugar iron agar slants were confirmed with group D 1 somatic antiserum agglutination (Difco. Becton Dickinson). For the enumeration of E. co/i. the dilutions were spread plated oil agar ( Difco. Becton Dickinson) and incubated for 24 h at 37°C. Pink colonies were counted as E. co/i. Data analysis. The numbers of SE and Li co/i cells recovered were transformed into log CFU and analyzed statistically by a one-way analysis of variance and the Tukey-Kramer Multiple Comparisons Test by Gm'aphPad Instat (San Diego. Calif.) statistical software.
RESULTS
Previous studies have indicated that iron supplementation can significantly promote the recovery of SE in egg contents. To overcome the difficulties attributed to low contamination and antimicrobial properties in egg albumen, the use of FE as a selective iron source was evaluated in this study.
FE optimization for SE. The effect of different FE levels on SE growth in egg white is shown in Table I . Although supplementation of egg white contents with low concentrations of FE promoted SE growth to 3 to 4 log CFU/ml, there was no significant difference among levels of 20, 50, and 100 p.g of FE per ml. Supplementation of egg whites with 200 g of FE per ml induced 5 log CFU/ ml after 24 h of incubation. However, optimal and significantly increased (P < 0.05) g r owth of SE populations up to Ca. 10 CFU/ml was obtained with a minimum final concentration of 500 .sg of FE per ml. SE was unrecoverable without iron supplementation (data not shown).
E. coil growth in supplemented egg white. Our data suggest that F. co/i is not able to use FE effectively at lower concentrations (50 ,ig of FE per ml) ( Table 2 ). In egg white samples inoculated with E. co/i only, the populations of E. co/i recovered correlated with the level of FE supplementation. At 500 p.g of FE per ml, E. co/i multiplication stabilized at about 6 to 7 log CFU/rnl for all levels of inocula used (ranging from 106 to 1 CFU/ml). whereas E. co/i growth was detected only with a minimum of 105 CFU of inoculun-i per ml when supplemented with 50 .tg of FE per ml. A slow die-off of the organism or no growth was observed with a level of 10 CFU of inoculum per ml or less, and a supplementation of 25 pg of FE per ml with all levels of inocula was used. E. co/i demonstrated a clear threshold for which growth was recoverable.
Growth curve of SE and E. co/i. Figure 1 depicts the log mean plate count of SE and E. co/i over time. SE was able to reach maximum populations of up to 8 log CFU/ml in only 16 Ii when the medium was supplemented with 500 pg of FE per ml and in 24 h when supplemented with 50 p.g of FE per ml. Meanwhile. F. co/i growth was promoted only with the higher level of iron supplementation (500ig of FE per ml), increasing to concentrations of 8 versus 2 log CFIJ/rnl when a low FE concentration (50 ig of FE per ml) was used. Additionally, populations of E. co/i decreased after 20 h of incubation when supplemented with either 500 or 50 wg of FE per ml.
FE optimization in competitive environments. The growth of F. co/i K-12 and SE together is shown in Table  3 . SE growth was promoted at all levels of FE supplementation. For levels of 500 and 200 p.g of FE per ml. SE was able to attain 7 to 8 to CFU/ml and 6 to 7 log CFU/mL respectively, when an inoculum of less than 105 F. co/i was used, However, SE concentrations were diminished in the presence of ]05 CFU/ml or greater of the competing organism, showing that Salmonella growth was recoverable to only 2 log CFU/ml with 10 1 CFU of E. co/i per nil and nearly undetectable with 10 6 CFU of F. ('0/i per ml. At FE concentrations of 50 and 25 i g of FE per ml. SE populations remained stable when presented with all levels of E. co/i inocula. SE concentrations reached 4 to 5 log CFU/nil when supplemented with 50 jig of FE per ml and 4 log CFU/ml when supplemented with 25 jig of FE per ml. No SE was detectable without FE.
When samples containing E. ('0/i were supplemented with FE. overall growth was promoted compared to the unsupplemented condition. However, a reduction of E. co/i growth was observed with lower concentrations of FE. Supplementation with higher levels of FE growth: concentrations ranged from 4.6 to 7.5 log CFU/ml when supplemented with 500 p.g of FE per ml and from 1.8 to 8 log CFU!ml when supplemented with 200 ig of FE per ml. When supplemented with 50 pg of FE per ml, E. co/i multiplication was enhanced. yet to a lesser degree and proportional to the inoculum level. For samples supplemented with 25 ig of FE per ml. E. co/i was unable to grow, with less than 10 CFU of inocula per ml.
DISCUSSION
The unsupplemented egg albumen induces a quiescent state or a slow die-off in Salmonella. Several factors in egg white contribute to the inhibition of bacterial growth, including high pH. lysozyme, avidin, ovomucoid, and conalbumin. Garibaldi (6) found that the most important factor that affects spoilage bacteria is conalbumin. the iron-binding protein, which makes iron unavailable to microorganisms. Similarly, saturating the conalbumin with iron enables some bacteria to develop to dense populations. depending on the differing abilities of the bacteria to satisfy their iron requirements in the presence of excess iron. The hacteriostatic action of albumen against gram-negative bacteria in general is negated by combined nitrogen and Fe 3 in amounts sufficient to saturate the ovotransferrin (12). Iron salts such as ferrous sulfate and ferric ammoniLim citrate also promote the growth of competitive microorganisms 15) . Chen et al. (3) reported that direct enrichment of 0.5 mg of FeSO 4 per p of whole-egg contents provided optimum SE growth, and Reisshrodt et al. (1.5) noted that supplementation of 1 Vg of FE/ml of preenrichment broth and enrichment broth significantly improved the recovery of SE from foods. Our study found that the addition of 500 Vg of FE per ml was sufficient to induce SE growth to ca. 9 log CFU/nil in egg white.
In shell eggs, the presence of other background flora. such as E. co/i or organisms in the Proteus-Proi'idenciaTtlor, ganella group, repressed the growth of SE (18) . Because these other organisms cannot effectively use iron from natural ferrioxamines E and G. FE was used to selectively promote SE growth. Additionally, because So/mone/la, along with other bacterial species, possesses mechanisms that have evolved to facilitate the uptake and utilization of exogenous siderophores secreted by other microorganisms, the competitive environment may alter the hioavailahility of nutrient sources (9) . Therefore, optimal levels of FE supplementation for SE in a competitive environment were determined. At higher concentrations of FE (200 and 500 pgIml). both SE and E. coli were able to use the iron supplement. because FE can act semiselectively through active transport and diffusion to Support both organisms. However, at lower FE levels (25 and 50 p.g/ml). E. co/i was unable to multiply. This growth limitation of competitive bacteria could confer a selective advantage on SE in FE-supplemented egg white.
The growth dynamics of SE and F. co/i K-12 together indicate that even low levels of FE supplementation can significantly promote the growth of SE exclusively in the competitive environment. The results of this study are consistent with those obtained by Reissbrodt et al. (15) , which show that FE is an effective supplement in significantly improving the isolation of low numbers of SE front mixed cultures. FE serves as an excellent growth factor for Salmonella, resulting in a faster growth late for practical largescale SE detection in eggs.
In view of these results, further research is necessary to investigate the effect of various combinations of multiple competing organisms or other pathogens found in egg products that are supported by ferrioxamines such as K/ebsie//a pneumoniae and Citro/acter .t reundi (9) .
